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. INVESTIGATION OF THE IMPACT OF HIGH-FINENESS-RATIO
PROJECTILES INTO THICK TARGETS

By C. Rebert Nysmith and B. Pat Denardo
Ames Research Center

SUMMARY

/ Nee 1) 34

Tests were conducted to determine the penetration of high-fineness-ratio
projectiles into thick targets. The projectiles were copper rods with diame-
ters of 0.0044 inch, 0.0029 inch, 0.001l4 inch, and 0.0007 inch, and lengths of
0.200 inch, 0.300 inch, 0.500 inch, 0.700 inch, and 0.750 inch. Fineness
ratios ranged from 69 to 1000. Targets were 1/2-inch- and 5/8-inch-diameter 2017 -
T4 aluminum spheres. Impacts occurred at a nominal velocity of 15,000 feet per
second. Projectile inclination angles were varied from end-on to brcadside.

A partially theoretical equation which correlates the effects of length,
diameter, and inclination on the maximum depth of penetration was found.

The effect of projectile curvature was investigated for 0.0029-inch-
diameter copper projectiles of fineness ratio 259. Three different radii of
curvature, R = 0.5 inch, R = 1.0 inch, and R = 3.0 inches, and three different
orientations for each curvature were tested. Although curvature drastically
reduced maximum penetration at zero inclination, this reduced penetration was
maintained approximately constant over a large range of projectile inclina-
tions so that at large inclinations, the curved projectiles penetrated more

deeply than the straight projectiles. A
WC" 4

INTRODUCTION

A program of research directed toward determining the damage produced by
the impact of high-fineness-ratio projectiles upon structures is being con-
ducted at the NASA Ames Research Center. In the first phase of this investi-
gation (ref. 1), the effect of projectile angle of inclination upon depth of
penetration was presented for 0.0025-inch-diameter copper projectiles with a
fineness ratio of 300, impacting aluminum targets at 15,000 feet per second.
Two types of craters were observed, depending upon the inclination of the pro-
jectile - deep and narrow for near end-on impacts and shallow and long for
impacts at large inclinations. The transition from end-on to broadside-type
craters was very abrupt and, for the specific projectiles investigated,
occurred within the inclination range from 4° to 5°. The projectile curvature
also appeared to drastically reduce the maximum penetration of end-on-type
impacts but to have very little effect upon the penetration at large
inclinations.
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The purpose of the present report is to extend the data to cover a muchd
wider range of projectile fineness ratios and, consequently, to determine the *
effect of projectile diameter and length upon depth of penetration for inclined
projectiles, Data relating projectile radius of curvature to depth of penetra-
tion and angle of inclination are also presented and compared with that for
straight projectiles with the same fineness ratio.

TEST PROCEDURE

The tests were conducted by firing 1/2-inch- and 5/8-inch-diameter 2017-Th
aluminum spheres from a light-gas gun into high-fineness-ratioc copper rods sus-
pended on nylon strands directly in the path of the model. The copper rods
will be referred to as projectiles and the spheres as targets even though in
these tests, 1t was the target that was in motion. The sphere targets were
mounted in nylon sabots during launch and the sabot and target were aerodynam-
ically separated before impact with the projectile occurred. After impact,
the targets were aerodynamically decelerated and recovered in a polystyrene-
foam and cotton-waste catcher located at the end of the flight test chamber.
The targets were then sectioned and microscopically examined to determine the
impact damage. More complete details of the test apparatus and setup as well
as the techniques used are described in reference 1.

The copper projectiles varied in length from 0.200 to 0.750 inch with
diameters of 0.0007 inch, 0.001L4 inch, 0.0029 inch, and 0.0044 inch (fineness
ratios from 69 to 1000). The 0.0029-inch-diameter projectiles with a fineness
ratio of 259 were curved to radii of 0.5 inch, 1.0 inch, 3.0 inches, and «
(straight). For each of the curved projectiles, three different orientations
were tested, as will be discussed later.

DISCUSSION OF RESULTS

Effect of Projectile Fineness Ratio
and Angle of Inclination

The angle of projectile inclination, defined as the angle between the
projectile longitudinal axis and the flight trajectory, is independent of the
obliquity, defined as the angle between the trajectory and the radius vector
of the target at the point of impact (a definition consistent with the usual
definition of obliquity for impact work). The maximum depth of penetration is
measured from the target surface parallel to the trajectory and thus is not
dependent upon target obliquity.

The penetration of high-fineness-ratio copper projectiles into aluminum
targets is presented in figure 1. The penetration, in units of projectile
length, is plotted versus the inclination angle, in degrees. The data shown
represent impacts by projectiles with diameters of 0.004L, 0.0029, 0.001lk, and
0.0007 inch, and fineness ratios of 69, 103, 170, 259, 536, 714, and 1000.

The abscissa covers inclination angles to 30° since this is the test range
where most of the data were acquired. Flagged symbols indicate that the tar-
gets were completely penetrated by the projectile so that the corresponding
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penetrations are probably deeper than shown. All impacts occurred at veloei-
ties near 15,000 feet per second and no velocity adjustments were made.

During the data-reduction process it was noted that the measured depth of
penetration was very sensitive to the accuracy of the crater-sectioning pro-
cess, If a target was not perfectly cross-sectioned, the penetration measure-
ments and crater profile appearance were seriously impaired. If, on the other
hand, the crater was accurately sectioned, the crater profile was quite dis-
tinct and crater depth measurements were accordingly more accurate, Thus, cer-
tain of the data of figure 1 are more reliable than others. 1In addition, many
targets suffered distinct damage from the nylon strands used to support the
test projectile (fig. 2). When the target is positioned so that this damage
gives the projectlile-target orientation at impact, microscopic measurements of
the distance between the damage from adjacent strands enable projectile incli-
nations to be re-evaluated to within about 10 minutes of arc. The data of fig-
ure 1, representing the more reliable measurements, are indicated by the
closed symbols.

The data for end-on impacts 1in figure 1 show that there is more scatter
than might be expected and that the penetrations are fregquently less than
those for slightly inclined impacts. These considerations indicate that these
impacts are quite sensitive to imperfections in the test setup. This result
indicates that perfect end-on impacts might produce craters considerably
deeper than any that were observed.

When the end-on impact of high-fineness-ratio proJjectiles is compared to
that of the constant density jets considered in shaped-charge jet theory, it
is clear that the two projectiles are in many respects equivalent. The pene-
tration of high-fineness-ratio projectiles striking end-on therefore may be
assumed to be given by the shaped-charge jet equation. The penetration for-
mula derived by application of shaped-charge jet theory in reference 2, under
the assumptions that (a) the impact pressures are large compared to the
strength of the target and jet, (b) a steady-state penetration rate is reached
almost instantaneously upon impact, and (c) the penetration stops as soon as
the last jet particle has struck the target, is

Pp
p = z/;; (1)

where p 1is the penetration, I is the projectile length, pp 1is the density
of the projectile, and pp is the density of the target. This formula states
that the penetration is independent of velocity and projectile diameter, and

depends only on the densities of the target and projectile and the length of

the projectile. The projectile diameter influences only the diameter of the

crater produced,

For a projectile with a given fineness ratio, as the inclination is
increased, some of the projectile length no longer falls into the crater pro-
duced by the projectile leading element. This "extra" length cannot contrib-
ute to the crater's maximum depth. As the inclination increases even further,
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less of the projectile length falls into the original crater and penetration,
decreases systematically as inclination increases,

Moreover, at a given angle of inclination (other than end-on) and for a
particular projectile length, as the fineness ratio increases, less projectile
length can fall into the original crater by virtue of the crater's smaller
diameter, and penetration thus decreases. 1n addition, for a constant diame-
ter projectile, increasing the projectile length adds nothing to the maximum
crater depth if the angle is such that the additional length falls outside the
original crater. The longer length does decrease the value of the penetration
to length ratio, however. Consequently, regardless of the changes in projec-
tile dimensions necessary to increase the fineness ratio, the penetration to
length ratio decreases with increase in fineness ratio at any angle of incli-
nation greater than zero.

The data of figure 1 are fitted by the equation

2= _D_E[ 1 ] (2)
UoJPT L1 + 0.01(1/a)%/32/2

where 6 1is the inclination angle in radians. The calculated curves are in
qualitative agreement with the data.

Consider the case where the projectile diameter is held constant and the
length is allowed to vary. Intuitively, as the angle of inclination is
increased, the contribution of length to penetration must decrease. Ulti-
mately, at broadside impact, the length must have little, if any, effect on
penetration. Curves on a plot of penetration versus inclination would be
expected to merge at that inclination where length becomes ineffective. Fig-
ure 3 compares curves calculated from equation (2) with a number of data
points. The curves represent a fair fit to the limited data shown. The
effect of length on penetration at large inclination angles as given by equa-
tion (2) is seen to be a small one and is the reverse of what would be
expected since the short projectile is calculated to penetrate deeper than the
long one. (Compare, e.g., the curves for 0.750-inch and 0.300-inch lengths
above 6 = 3.2°.) This defect in the equation is not a serious one, however,
since to a first order of approximation, the penetrations of the two lengths
are equal, as they should be at large inclinations. However, because of this
defect, the applicability of equation (2) is arbitrarily limited to inclina-
tions less than those of these tests, that is, to inclination angles less than
30°.

Figure 4 is a plot of the penetration to length ratio versus the
inclination angle for the complete inclination range. The segments of the
curves from 0° to 30° inclination are calculated from equation (2) using the
fineness ratios of the projectiles of figures 1 and 3. Several broadside
impact data points are plotted and the calculated curves for projectiles with
these fineness ratios are extended to 90° (solid curves). It can be seen that
the broadside impact data points are as much as 40 percent lower than pre-
dicted by equation (2). The measured penetrations correspond closely to the
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. Penetrations resulting from the impact of spheres, of the same diameters as
those of the high-fineness-ratio projectiles tested, as given by the Ames pen-
etration equation (see ref. 3)

D 2\ /Po 2/ 3 v 2/3
7=2.28 (7) (7;T'> <€> (3)

where V 1is the impact velocity and c¢ is the speed of sound in the target
material, the velocity of propagation of a plane longitudinal wave in a slen-
der prismatic bar. Since the available broadside impact data can be expressed
by equation (3), this equation was used to calculate the penetration to length
ratios for broadside impact for the remaining fineness ratios of figure L.

The dashed curves covering the inclination range from 30° to 900 were obtained
by simply fairing curves for each projectile fineness ratio to obtain a smooth
transition from the curves at 300 to the corresponding penetration to length
ratios at 90°.

Effect of Projectile Curvature

The three projectile orientations investigated for each curvature are
illustrated in sketch (a). They are denoted by inclination angle arbitrarily
measured relative to the chord of the curved projectile. The angle, «,
remains constant for any one projectile curvature. Clearly, the projectile

a a/2 | /fa/2

Zero inclination 8=a/2 8=a
Sketch (a)

orientation that would produce the maximum penetration is included within the
orientation range of this program. As the orientation of the curved projec-
tile ranges from zero inclination to 6 = o, the angle that the tangent to the
leading end of the projectile makes with the target normal varies through an
inclination range of 43° for the 0.5-inch radius of curvature, 21.5° for the
1.0-inch radius of curvature, and 7° for the 3.0-inch radius of curvature.
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The penetration data for the curved projectiles are presented in figuré‘ﬁy
Plotted is the penetration to length ratio as a function of angle of inclina~
tion. The three orientations for each radius of curvature are plotted at their
respective angles of inclination, as defined above. The curve shown in fig-
ure 5 represents the penetration data of the corresponding straight projectile
with the same fineness ratio from figure k.

Comparing the maximum penetration of the curved projectiles to the maximum
penetration of the straight projectile shows that curvature drastically reduces
the maximun penetration. The maximum penetration of the curved projectiles in
these tests corresponds to the penetration of a straight projectile of the same
fineness ratio impacting at an inclination angle of about 3.5°. On the other
hand, figure 5 shows that projectile curvature tends to maintain penetration at
a high level over a large inclination range. For curved projectiles, the pene-
tration remains essentially constant throughout the inclination-angle range
tested. As the inclination increases even further, it seems reasonable to
expect that the penetration will be a function of the larger of the angles that
the tangent to either end of the projectile makes with the target normal.

When the attitude becomes that shown in sketch (b), the minimum
penetrations of curved projectiles with radii
of curvature of 0.5 inch, 1.0 inch, and
3.0 inches should correspond to that of equal-
fineness-ratio straight projectiles impacting

/ \ at an inclination of 47°, 68.5°, and 83°,

A-m respectively. Penetration values for these

T/ inclinations have been taken from the curve of
figure 4 and are plotted as the filled symbols

to represent the curved projectiles impacting
Sketch (b) at 90° inclination.

Target

Finally, it is clear that the results of this series of tests must no
longer hold when the radius of curvature is so large that all of the projectile
falls into the crater made by the projectile leading element or when the radius
of curvature is so small that the projectile begins to overlap itself. No
attempt has been made to study these limiting curvatures, however.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Oct. 28, 1965




REFERENCES

Nysmith, C. Robert; Summers, James L.; and Denardo, B. Pat: Investigation
of the Impact of Copper Filaments Into Aluminum Targets at Velocities to
16,000 Feet Per Second. NASA TN D-1981, 196k.

Birkhoff, Garrett; MacDougall, Duncan P.; Pugh, Emerson M.; and
Taylor, Geoffrey: Explosives With Lined Cavities. J. Appl. Phys.,
vol. 19, June 1948, pp. 563-582.

Summers, James L.: Investigation of High-Speed Impact: Regions of Impact
and Tmpact at Obligue Angles. NASA TN D-94, 1959.



*0T1RI SS3USULJ

aTT10oload pus UOTHEUITOUT JO oT8uB UYITM OT3BI UY3BUST 0% uoTqeIqousd JO UOTIRTJIBA ~°T 9INITJ

Bap ‘uonpul)oul yo 81buy

2¢ 82 b2 02 ol _______ ¢

2000° | cool| W
2000° | wi2| 0O
pioo- | ees| ©
6200° | esz| ©
pp00* | o21| <
6200° | €0I| D
6200° | 69| ©

¢/2082/c(P/2)10° +1| Ly ?

p p/2 _ dg| d

000l
viL
9¢¢g
662

04l
¢ol

69
P72

-

<@

0¢

2/d ‘oyoa yybua) o} uoijpijauad



*odeuwEp pueids Furqaoddns uoTdu Surtmoys 90887

Jo ydeal8oqoyg -‘g 2In3Tg

10




‘uctqeIteusd uo yjduaT oTItosload Jo 109114 -°¢ 2anITg

Bep ‘uoiypuijoul jo a|buy

cl 8

<2 02c(P/2)10 +1

Ld

2 82 b2 02 9l
: oL ’ 000
0 e ——— — m —
6200' = P
00s* | 2000°| O
00L° | 000" | W
002' | 6200°| O©
oog" | 6200' | D
0s.' | 6200 | O !
l P

dy

©

o'l

‘uj ‘uoyjoijausd

11




12

1.2

(o]
~ {/d

|,
«1.0 69
o
Té 103
5 170
o
5 .8 i
o 259
c 0] 259
2 536
o A {1000
% 6 714
o 1000

.4

N
N
~N
~N
2 ~ ~ ~
~— ~
~— ~
— \\ ~
\\\\‘ \\\\
0 20 40 60 80

Angle of inclination, deg

Figure k.- Effect of projectile fineness ratio upon penetration.
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Figure 5.- Effect of radius of curvature upon penetration.
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